The photoionization efficiency ͑PIE͒ spectrum of HSO was measured in the spectral range ͑107-130͒ nm by means of a discharge flow and a photoionization mass spectrometer coupled to a synchrotron as the radiation source. HSO radicals were generated by reacting O atoms with various organothiol compounds, C 2 H 5 SH, 2-C 3 H 7 SH, or HSC 2 H 4 SH, in the flow tube. The ionization energy of HSO was determined for the first time and found to be ͑9.918Ϯ0.016͒ eV. GAUSSIAN-2 calculations predict 9.897 eV for ionization to HSO ϩ , the singlet ground state of the molecular ion, in satisfactory agreement with the experimental result. The onset to triplet HSO ϩ may occur at ͑11.15Ϯ0.04͒ eV. A vibrational frequency of HSO ϩ of (1150Ϯ160) cm Ϫ1 was derived from the separation of steps in the PIE spectrum. The heat of formation of HSO ϩ was also derived and calculated to be ⌬ f H 298 ‫ؠ‬ (HSO ϩ ͒ϭ͑228Ϯ5͒ kcal mol
I. INTRODUCTION
Hydrogen sulfide is a major reduced sulfur compound in the atmosphere. 1 Oxidation of such sulfur compounds leads to acidic precipitation. The atmospheric degradation of H 2 S is initiated by reaction with hydroxyl radicals, [2] [3] [4] HSO is characterized spectroscopically by laser-induced fluorescence, [13] [14] [15] [16] [17] laser-magnetic resonance, 18, 19 microwave spectra, 20 intracavity laser absorption, [21] [22] [23] and chemiluminescence, 7 but no photoionization spectrum is reported. In kinetic experiments photoionization mass spectrometry was employed to detect HSO. It is important to measure photoionization spectra of HSO so that an optimal wavelength for ionization of HSO in kinetic studies can be established.
In the present work we measure photoionization efficiency spectra ͑PIE͒ of HSO by using a discharge flowphotoionization mass spectrometric apparatus ͑DF-PIMS͒ coupled to a synchrotron as the ionizing source. HSO radicals are generated from the reactions of oxygen atoms with various organothiol compounds in the flow tube. The ionization energy ͑IE͒ of HSO is determined from the PIE spectrum. In order to assess the reliability of the experimental results, we employ ab initio calculations on HSO and HSO ϩ using the GAUSSIAN-2 ͑G2͒ theoretical procedure. Predictions obtained in these calculations are compared to the experimental results.
II. EXPERIMENTAL SECTION AND THEORETICAL METHODS

A. Experiment
The discharge flow-photoionization mass spectrometer coupled to a synchrotron as an ionization source is described in detail elsewhere; 24 only matters pertinent to this experiment are explained here. A 30-cm-long Pyrex™ flow tube with 25 mm i.d. was used. To minimize possible surface reactions, a Teflon™ tube ͑i.d. 22 mm͒ was inserted into the flow tube.
HSO radicals were generated via the reaction of atomic oxygen with organothiol compounds. O atoms were produced in a sidearm of the flow tube by flowing O 2 /He mixtures through a microwave discharge. The organothiol compounds were added to the reaction region of the flow tube in a stream of He through a movable injector ͑o.d. 8 mm͒. The OϩCH 3 SH reaction is unsuited for the generation of HSO radicals because the product ion HSO ϩ (m/zϭ49) is difficult to resolve from the parent ion CH 3 SH ϩ (m/zϭ48). Therefore HSO radicals were generated from the reactions of a͒ Author to whom all correspondence should be addressed. 25 Although no rate coefficients for the reactions of O atoms with other organothiol compounds are reported, we believe that the Oϩ2-C 3 H 7 SH and OϩHSC 2 H 4 SH reactions are also fast and that these reactions are also suitable to produce HSO radicals. Attempts were also made to generate HSO radicals through reaction ͑3͒. HS radicals were generated from the ClϩH 2 S reaction. We were unable to produce sufficient amounts of HSO radicals, most probably because the radicals were efficiently lost through the fast reaction with NO 2 .
The pressure in the flow tube was regulated with a rotary pump and maintained at ͑0.5-1.5͒ Torr. The effluents in the flow tube were sampled into a second chamber through a Teflon diaphragm with a hole of 2 mm in diameter. A turbomolecular pump (1000 l s
Ϫ1
) was employed to maintain pressures below 2ϫ10 Ϫ4 Torr in the second chamber. The effluents were subsequently sampled through a Teflon skimmer with an orifice of 3 mm in diameter into the ionization region of the mass spectrometer. Another turbomolecular pump (1000 l s
) served to maintain pressures below 8 ϫ10 Ϫ6 Torr in this ionization chamber. The ions were selected with a quadrupole mass filter aligned in the axial direction and detected with a channeltron.
The radiation for photoionization was conducted through a 1 m Seya-Namioka monochromator from the 1.3 GeV storage ring of the Synchrotron Radiation Research Center in Taiwan. 26 The photoionization spectra were normalized for intensity variations in the ionizing source by procedures described before. 24 The intensity of the zero-order light was recorded to calibrate the monochromator at the beginning and to verify the calibration at the end of each injection of the storage ring. 24, 27 A LiF window ͑2 mm thick͒ was placed between the ionizing chamber and the exit port of the monochromator to suppress radiation of second and higher orders from the grating.
Typical flow conditions were as follows: total flow rate: . Laboratory gases ͑Matheson͒ of He ͑99.9995%͒ and O 2 ͑99.997%͒ were directly used without further purification. Ethanethiol ͑Ͼ99%͒, 2-propanethiol ͑Ͼ98%͒, and 1,2-ethanedithiol ͑Ͼ99%͒ were purchased from Merck, and the first fifth of the liquid samples were pumped away before use.
B. Computational methods
The ab initio G2 method 28 was employed to calculate the ionization energy of HSO. The energies E G2 of HSO and HSO ϩ were computed at the optimized geometry, obtained from a MP2 perturbation calculation with a 6-31(d) basis set, and all electrons were included ͓MP2͑full͒/6-31(d)͔.
The zero-point energies were evaluated with harmonic frequencies from HF/6-31(d) scaled by 0.8929. To compute the vertical IE, the G2 level energy of HSO ϩ E G2 Ј was deduced from single point calculations with geometry optimized at the MP2͑full͒/6-31(d) level of HSO, which is the most stable structure of the neutral molecule. The single point calculations required for the ion included QCISD͑T,E4T͒/6-311͑d,p͒, MP4/6-311ϩ(d,p), MP4/6-311ϩ(2d f ,p), and MP2/6-311ϩ(3d f ,2p). Possible vibrational excitation of the ion associated with the vertical transition was not treated explicitly and the zero-point energy of the ion was used as an approximation. Program suite GAUSSIAN 94 29 was used to perform the G2 and single point calculations for E G2 Ј ͑HSO͒ in order to obtain IE and IE vertical of HSO.
III. RESULTS AND DISCUSSION
A. PIE spectrum and IE of C 2 H 5 SH
Photoionization efficiency spectra of various reactants were measured first to establish the performance of the PIMS system. Figure 1 shows the PIE spectrum of C 2 H 5 SH over the wavelength range ϭ͑110-140͒ nm. The spectrum was obtained by monitoring the ion counts at m/zϭ62 that are normalized with respect to relative intensities of the ionizing source at varied wavelengths. This spectrum was scanned in 0.1 nm steps at a slit width of 0.05 mm, corresponding to a nominal resolution of about 0.1 nm.
The spectrum displays an abrupt onset, characteristic for direct ionization through the 0→0 transition and thus indicating similar geometries of the electronic ground states of both the ion and the neutral molecule. The first derivative of the PIE spectrum ͓d(PIE)/d͔, near the threshold region ͑130-136͒ nm is plotted in the inset of Fig. 1 , which contains one relatively sharp feature. The ionization threshold was determined from the maximum of the first derivative curve, which appears at ͑133.6Ϯ0.1͒ nm, as indicated by the arrow in Fig. 1 . This threshold corresponds to an ionization energy of ͑9.280Ϯ0.007͒ eV, in excellent agreement with the value ͑9.285Ϯ0.005͒ eV measured with the photoionization method. 30 Hence, it is demonstrated that the DF-PIMS system operates properly and the wavelength calibration, established by adjusting to the maximum intensity of the zeroorder light, is reliable. The results are summarized in Table I .
B. PIE spectrum and IE of 2-C 3 H 7 SH
The PIE spectrum of 2-C 3 H 7 SH was measured similarly as for C 2 H 5 SH and is shown in Fig. 2 . As photoionization of organothiol compounds involves the removal of an essentially nonbonding electron from a 3p lone pair localized on a sulfur atom, the PIE features near the threshold region for these compounds are expected to be sharp. 31 Thus as the photon energy is increased, the PIE signals for organothiol compounds are found to increase steeply from the threshold.
As in the case of C 2 H 5 SH, the threshold of photoionization of 2-C 3 H 7 SH was determined from the maximum of the first derivative of the PIE spectrum, found at ͑135.6Ϯ0.1͒ nm, as indicated by the arrow in the inset of Fig. 2 . This threshold corresponds to an ionization energy of ͑9.143 Ϯ0.007͒ eV, in agreement with the value of 9.14 eV measured in a He I photoelectron spectrum.
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C. PIE spectrum and IE of HSC 2 H 4 SH
The PIE spectrum of HSC 2 H 4 SH shows a more gradually rising onset than those of C 2 H 5 SH and 2-C 3 H 7 SH, as depicted in Fig. 3 . In contrast to the latter two cases, the first derivative of the PIE spectrum of HSC 2 H 4 SH near the onset region ϭ͑128-138͒ nm consists of several maxima as shown in the inset of Fig. 3 . The first three features from the right congest to one broad band that we are unable to resolve in terms of either autoionization structure or vibrational progressions of the HSC 2 H 4 SH ϩ ion. In recent ab initio calculations, Zhao et al. 32 predicted rotational isomers with varied conformations besides the most stable isomer of HSC 2 H 4 SH that possesses C 2h symmetry. The three features in the first derivative curve might involve transitions of rotational isomers of the neutral molecule to their ionic ground states or from the ground state of the neutral molecule to rotational isomers of the ion. We identify the first feature as the threshold for ionization from the ground state of the neutral molecule to the ground state of the ion. The corresponding ionization energy of ͑9.280 Ϯ0.014͒ eV is the first such value reported for HSC 2 H 4 SH. 
D. PIE spectrum and IE of HSO
In order to verify the generation and detection of HSO radicals, the radicals were produced through reactions of atomic oxygen with three organothiol compounds, C 2 H 5 SH, 2-C 3 H 7 SH, and HSC 2 H 4 SH. In Fig. 4 the PIE spectrum of ions at m/zϭ49 (HSO ϩ ) is shown, recorded from the Oϩ2-C 3 H 7 SH reaction. The spectrum was obtained at 0.2 nm steps with slit width of 0.2 mm in the spectral range ϭ͑107-130͒ nm. A background ion yield spectrum for m/zϭ49 was also recorded under the same flow conditions except that the microwave discharge to produce O atoms was turned off. There was no structure observed in the background spectrum for wavelengths greater than 107 nm, it only contained small and regular noise. Thus the PIE spectrum displayed in Fig. 4 represents an interference-free spectrum of HSO produced from the Oϩ2-C 3 H 7 SH reaction. The PIE spectrum is characterized by a step onset at 125 nm and by an increase of the ion yield from the onset up to a plateau at about 110 nm.
PIE spectra of ions at m/zϭ49 generated with an alternative reactant, C 2 H 5 SH, are depicted in Fig. 5 . The upper curve of the ion yield spectrum in Fig. 5͑a͒ was recorded with the microwave discharge on, whereas the lower curve was measured with the microwave discharge off, representing the background signals. In contrast to the case of 2-C 3 H 7 SH as a reactant, large background signals from the C 2 H 5 SH reactant appear at 112.5 nm and continue to increase to 107 nm. This background problem is further discussed in the next section. The difference between the two curves in Fig. 5͑a͒ is plotted in Fig. 5͑b͒ , which is the PIE spectrum of the HSO radical. Because signals from the reaction product HSO are less than 10% of the total ion counts at 107 nm, the statistical error of the spectrum is large in the wavelength range ͑107-110͒ nm. However, the envelope of the curve in Fig. 5͑b͒ is identical to that of Fig. 4 . There also occurs a step onset at 125 nm.
We also measured the PIE spectrum of ions at m/z ϭ49 from the HSC 2 H 4 SH reactant. The ion yield in this case was about a factor of 10 smaller than in the case of C 2 H 5 SH. As in the latter case, large background signals were observed at smaller wavelengths when the microwave discharge was off, but the background appeared at 115.4 nm compared to 112.5 nm in the case of C 2 H 5 SH. We estimate the ion counts at m/zϭ49 arising from HSO to be about 5% of the total ion counts at around 110 nm. The resultant PIE spectrum of HSO after subtracting the background signal is therefore of poor quality. However, the overall envelope of the PIE spectrum is quite similar to those shown in Figs. 4 and 5͑b͒ and also a conspicuous step onset occurs at 125 nm.
In order to improve the determination of the ionization energy of HSO, detailed examinations near the threshold region were performed for all three reactions. Figure 6 displays the threshold region of HSO from the Oϩ2-C 3 H 7 SH reaction over the wavelength range ϭ͑120-130͒ nm. The spectrum was recorded at a nominal resolution of 0.2 nm ͑with a slit width of 0.1 mm͒ and with 0.1 nm steps. The threshold is derived from the distinct step shown at the onset either from the first derivative or from the midrise point of the onset. A threshold of ͑125.0Ϯ0.2͒ nm was obtained, which corresponds to an ionization energy of ͑9.919Ϯ0.014͒ eV. Similarly, the ionization energy of HSO was also determined from measurements in the threshold region from the OϩC 2 H 5 SH and OϩHSC 2 H 4 SH reactions. Table II lists all the determinations of the ionization energy of HSO. Taking a simple average, we find the ionization energy of HSO to be ͑9.918Ϯ0.016͒ eV.
Beginning from the threshold, three steplike features appear in Fig. 6 , which are attributed to a Franck-Condon vibrational progression of HSO ϩ . Their separation corresponds to a vibrational frequency of (1150Ϯ160) cm Ϫ1 .
E. Appearance energy (AE) of CH 2 SH
؉
In the background experiments with the microwave discharge off, we detected strong signals at m/zϭ49 starting at 112.5 nm for the system O 2 ϩC 2 H 5 SH in He, as illustrated in the lower curve of Fig. 5͑a͒ . As there were no O atoms present in the flow tube, no HSO radicals were produced and the observed signal therefore arises from some other species. We also monitored the ions at m/zϭ47 under the same flow conditions. At the photoionization wavelength of 110 nm, the ratio of the ion counts recorded at m/zϭ49 and at m/z ϭ47 is about 4.5%, which is consistent with the isotope ratio 34 The curve for m/zϭ47 in Fig. 7 is identical to the lower curve for m/zϭ49 in Fig. 5͑a͒ , indicating that those signals arise from isotopomers. If we extrapolate the linear portion near 111 nm in Fig. 7 , the line will intersect with the background level at ͑112.5Ϯ0.4͒ nm. This value corresponds to an appearance energy of ͑11.02Ϯ0.04͒ eV for CH 2 SH ϩ from CH 3 CH 2 SH. ϩ the difference is 0.028 eV. This trend correlates with the structural variations between HSO and its singlet and triplet cations. According to the calculations, the ionization of HSO near the threshold region is more likely to form the singlet ion; the calculated IE of 9.897 eV agrees well with the experimental value of 9.918 eV. As the structure of singlet HSO ϩ resembles that of neutral HSO, and as the calculated IE and IE vertical differ by only 0.028 eV, a distinctly sharp onset in the PIE spectrum is expected near the ionization threshold, consistent with our experimental observation. Close inspection of the PIE spectra in Figs. 4 and 5͑b͒ reveals that a discontinuity occurs at Ϸ͑111.2Ϯ0.4͒ nm, corresponding to an energy of ͑11.15Ϯ0.04͒ eV. According to the calculation, this may indicate an onset to triplet HSO Table IV , in satisfactory agreement with the experimental value of 1063 cm Ϫ1 derived from a chemiluminescence spectrum. 7 The calculated vibrational frequency of the bending mode for singlet HSO ϩ is 1104 cm
Ϫ1
, close to the observed vibrational frequency of (1150Ϯ160) cm
. Therefore we tentatively assign this vibrational frequency to the 2 mode of singlet HSO ϩ . .
G. Heat of formation of HSO
IV. CONCLUSIONS
The PIE spectrum of HSO was measured for the first time with a discharge-flow system coupled to a photoionization mass spectrometer that employs synchrotron radiation as .
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